An alternative algorithm is being developed to retrieve ozone vertical distribution information from the OMPS/LP sensor which will be manifested on the upcoming NPOESS Preparatory Project (NPP) platform in late 2011. In contrast to most limb sensors retrieval methods, the proposed algorithm will forgo the spherical symmetry assumption for the atmospheric structure, and will attempt to simultaneously retrieve the ozone distribution in both the vertical and the along-track directions. The paper describes the two-dimensional forward model as well as the methods which have been developed to simultaneously retrieve a whole orbit of data. Sample retrieval results are shown to illustrate the technique.
INTRODUCTION
The Ozone Mapping and Profiler Suite (OMPS, [Flynn et al., 2007] ) mission is designed to continue the NASA commitment to monitor global ozone distribution in the Earth's middle atmosphere. The first OMPS flight is scheduled to take place in late 2011 with a full complement of sensors, namely, a Nadir total column mapper (heritage from TOMS [McPeters, 1991] , and OMI), a Nadir profiler (heritage from SBUV) and a limb profiler (heritage from SOLSE-LORE [McPeters et al., 2000] , OSIRIS [Llewellyn, et al. 2004] , SCIAMACHY [Bovensmann et al., 1999] , and SAGE III [Mauldin, 1998] ).
This paper is concerned with the Limb Profiler (OMPS/LP) instrument, which is intended to produce ozone profiles (from the tropopause up to 60 km) at 1.5-2.0 km vertical resolution and one-degree latitude spacing. This relatively high along-track sampling allows one to consider two-dimensional retrievals of the ozone distribution, ie. the simultaneous retrieval of ozone density in both the vertical and along-track directions.
In Section 2, the OMPS/LP mission is described. The OMPS/LP instrument will measure the Earth's limb radiance (due to the scattering of solar photons by air molecules, aerosols and the Earth surface) in the ultra-violet (UV), visible and near infrared, from 290 to 1000 nm. The OMPS/LP simultaneously images the whole vertical extent of the Earth's limb through three vertical slits, each covering a vertical tangent height range of 100 km. The need for two-dimensional retrieval and the rationale for it are reviewed in Section 3. A two-dimensional retrieval is especially needed in regions of polar vortex, UTLS and high zenith angles, where the horizontal variations within the atmosphere are greatest. Section 4 describes the two-dimensional forward model which was constructed to model the radiative transfer within the threedimensional atmosphere, accounting for Rayleigh/aerosol scattering and gas absorption by ozone and NO 2 . The physical space is discretized with a set of elliptical shells and a set of conical surfaces. For each satellite position, a set of Lines Of Sights (LOS) is considered, along which single and multiple scatter source terms are evaluated and integrated from the top of the atmosphere to the satellite. Section 5 describes the inversion algorithm, which is based on the Optimal Estimation (OE) technique [Rodgers, 2000] . The algorithm is designed to be capable of retrieving the two-dimensional ozone distribution for a whole orbit simultaneously, and consequently is formulated in terms of very large matrices. Special techniques have been developed to optimize the linear algebra (matrix multiplication and inversion), exploiting the sparse nature of these matrices. A Tikhonov regularization method is used to stabilize the solution. Preliminary results are reproduced in Section 6, where it is shown that a whole orbit limb radiance dataset can be inverted both accurately and efficiently. Results are shown in the form of retrieved ozone profiles and two-dimensional averaging kernel matrices. The results presented herein only consider single scatter source terms. In future work, the multiple scatter source terms will be evaluated and included, utilizing the algorithm parallel processing potential to optimize data throughput.
OMPS MISSION AND OMPS/LP SENSOR DESCRIPTION

OMPS mission
The Ozone Mapping and Profiler Suite (OMPS) was conceived to allow the scientific community to continue the longterm record of ozone and aerosol measurements initiated more than 30 years ago by the SAGE family of sensors [McCormick, 1989 , Mauldin, 1998 ] and the Total Ozone Mapping Spectrometer. The OMPS instrument was designed and built by Ball Aerospace and Technology Corporation (BATC) under contract from the Integrated Program Office (IPO). As described by [Flynn et al., 2007] and as shown in Fig. 1 , OMPS is composed of three instruments, namely the Total Column mapper (TC), the Nadir Profiler (NP) and the Limb Profiler (LP). The nadir system has two focal planes; one operating from 300 to 380 nm for total column ozone observations; the other operating at 250 to 310 nm for profile ozone observations. The limb system has one focal plane operating from 290 to 1000 nm for high vertical resolution profile ozone observations. The first OMPS mission will be mounted on the NPP satellite, which will operate in a near circular, sun-synchronous orbit, with a 1:30 PM ascending-node and a mean altitude of 839 km. The fundamental role of the OMPS instrument is to provide ozone profile information of sufficient quality to be used as Climate Data Records (CDRs).
OMPS/LP sensor description
The OMPS/LP sensor images the whole vertical extent of the Earth's limb, with a vertical Field-Of-View (FOV) of about 2°, encompassing the 0-65 km nominal altitude range of interest and allowing for boresight misalignment, spacecraft pointing error and Earth radius variation along the orbit. It is a triple-slit prism spectrometer, with one of the slits centered on the ground track and the other two located 4.25° (250 km) on either side. The light entering the OMPS/LP instrument slits is dispersed by a prism. The prism dispersion is uniquely suited for the OMPS/LP, providing high spectral resolution (1 nm) in the features-rich UV region and lower resolution (20 nm) in the somewhat featureless visible region. The primary technical challenges associated with limb scatter (LS) measurements are (1) the large dynamic range of the limb signal, which typically varies by 4-5 orders of magnitude across the spectral/spatial ranges of interest, and (2) the ozone profile precision requirements which demand that radiances be measured at high Signal-toNoise Ratio (SNR). The OMPS/LP sensor specifications and measurements requirements are summarized in Table I . 
TWO-DIMENSIONAL CONCEPT AND RATIONALE
The OMPS/LP instrument will make continuous measurement of the Earth limb radiance along the sunlit portion of its sun-synchronous orbit (Fig. 2) . Every 19 seconds, the CCD frame will be read and reinitialized, thus allowing a measurement at about a 1° latitude interval along the orbit. The primary products of the OMPS/LP sensor are therefore three curtain files as illustrated in Fig. 3 for ozone, each curtain file corresponding to the left, center and right slits. The relatively high sampling rate makes the OMPS/LP sensor a good candidate for a two-dimensional retrieval. Such a twodimensional retrieval allows one to simultaneously retrieve the vertical profile and the along-track variation of trace gas species. The effect of along-track inhomogeneity on retrieved products has been shown to be significant in regions of large gradients, such as the polar vortex [Puķīte et al. 2008] . The present paper is largely based on a two-dimensional approach developed by [Carlotti et al., 2006] who retrieved all the MIPAS products simultaneously for a whole orbit using a least square approach. This latter study demonstrated that, with adequate computer resource management (computer memory and parallel processing), it is indeed possible to perform retrievals for a whole orbit at a time, at least in the case of a Limb Emission (LE) instrument. Retrieving a whole orbit observations at once, rather than subdividing the orbit into sections for sequential retrievals (as is done by [Livesey and Van Snyder, 2004] for MLS), is highly beneficial since the latter scheme necessarily discards a large fraction of each solution due to "edge effects" (as shown below in Figs11-12). Additional difficulties arise when dealing with a Limb Scatter (LS) sensor:
(a) Incoming solar photons are typically not in the orbital plane. By contrast, for a forward/rearward facing LE sensor, all the emission, absorption and scattering events are contained within the orbital plane. The LS forward model therefore requires a third dimension, which is the "solar plane" which contains the solar rays incident onto the LOS. (b) LS sensors are highly affected by the reflected radiance from the underlying scene, which because of clouds and variable Earth surface albedos, may vary significantly along the orbit. [Oikarinen, (2002) ] reports that the LS radiance is affected by the underlying surface reflection over a fairly large area, typically 1000 km in the alongtrack direction by 200 km in the cross-track direction. (c) LS retrieval algorithms typically rely on CPU intensive Multiple Scatter (MS) forward models, which tend to favor full-orbit retrievals over partial-orbit retrievals when performing two-dimensional retrieval for LS sensors. 
TWO-DIMENSIONAL FORWARD MODEL
Model description
The Radiative Transfer (RT) forward model characterizes the radiance field along specified lines-of-sight and accounts for the instrument characteristics (spectral and spatial slit functions) to simulate the limb radiance recorded by the sensor. In the context of OMPS/LP, the two-dimensional RT model considers two planes (Figs. 4a,b) , namely the orbital plane (which contains both the spacecraft state vector and the LOS) and the solar plane (which contains the LOS and the solar vector). The spatial domain is discretized with a series of elliptical shells and cones, with the lowest shell corresponding to the Earth surface (which is modeled as an oblate spheroid, with semi-axis of 6356.752 and 6378.137 km), and with a shell inter-spacing of 1 km. The cones are defined so that (a) their intersections with the orbital plane are normal to the elliptical Earth surface [Carlotti et al., 2001 ], (b) the intersection points on the Earth surface are located at latitudes ranging from 89.5° North to 89.5° South, with an interval of 1°. (Note that the cones are not centered at the Earth center). The cone/shell arrangement defines three-dimensional "cloves" within which the atmosphere is specified in terms of ozone density, NO 2 density, temperature, pressure and aerosol content (extinction at a series of wavelengths, size distribution, index of refraction). In the present work, zonal symmetry is assumed, ie. ozone is constant within latitude bands. The RT model is used to calculate all relevant path lengths and optical depths in both planes. The RT code is initialized with a specification of the spacecraft coordinates within the orbital plane (at each of the 19 seconds time intervals) and the respective solar angles. The XYZ spatial reference frame is defined with the XY plane being the orbital plane (X axis pointing towards the northernmost point on the orbit), and the Z axis being normal to the orbital plane. The spacecraft state vectors are generated with a Two-Line-Elements (TLE) based orbit propagation code using current estimates of the NPP platform orbital parameters [Kowitt, 2010] . For each spacecraft position (there are about 170 such positions along the sunlit portion of the orbit), a series of 90 LOS are "launched" from the spacecraft towards the Earth limb, each one is set to pass through the middle of shells at the tangent point (and therefore correspond to tangent heights of 0.5 to 89.5 km) [Buglia,1988] . As illustrated in Fig. 4c , a series of node points is constructed along each LOS, each node point being located at the centroid of a given path element. To evaluate extinction (absorption and scattering) within the solar plane, we consider an ensemble of "sunlight rays", each one originating at a LOS node point and pointing towards the Sun. The intersections of these light rays with elliptical shells and cones are evaluated analytically (refraction is not accounted for) to determine the path-length and optical depth (due to Ozone/NO 2 absorption and Rayleigh/aerosol scattering) within each 3D clove, to ultimately evaluate the solar irradiance incident along the LOS. The Single Scatter (SS) source term within each path element along the LOS is evaluated by accounting for Rayleigh and aerosol scattering into the LOS direction. The multiple-scattering (MS) source term at each point along the LOS is evaluated using the VLIDORT code (see below). Finally, the radiance for each LOS is computed by integrating the SS and MS source terms along the LOS and accounting for extinction from the source point to the sensor aperture. For each spacecraft position, this RT calculation yields a Cartesian set of radiances as a function of tangent heights and wavelengths, the height scale being at interval of 1 km and the spectral scale being on the order of 0.2-0.5 nm [Rault et al., 2010b] . The radiances are then convolved with the sensor spectral and spatial slit functions to simulate the limb radiances as detected by the OMPS/LP sensor:
where I(λ i ,TH i ) is the limb radiance evaluated on the high resolution Cartesian grid [λ i ,TH j ], and f(λ i -λ,TH j -TH) is the laboratory measured instrument slit function at wavelength λ and tangent height TH. Figure 5 depicts samples of Earth limb radiances simulated by the RT model. The RT model also provides the relevant partial derivatives (with respect to ozone density and aerosol extinction in each clove). These partial derivatives are evaluated in a Single Scatter context only. Figure 6 shows the two-dimensional sensitivity of Earth limb radiance (Rad) to ozone density (n O3 ) for a Tangent Height TH = 25 km. Sensitivity is defined as:
. This figure illustrates the contributions from points along the LOS to the limb radiance at 25 km and further demonstrates some advantages of two-dimensional retrieval: In the Chappuis band, the atmosphere is optically thin and is most sensitive to perturbations near the tangent point. By contrast, at shorter wavelengths, the region of maximum sensitivity migrates upwards in the atmosphere, away from the tangent point and towards the observer. The information in the 283 nm radiance for a tangent height of 25 km is simply discarded in one-dimensional retrievals, because the path is optically thick, and the radiance is insensitive to ozone at 25 km. Figure 7 depicts the two-dimensional RT forward model flow chart. The spectral dimension is sub-divided into a series of computational channels in order to reduce the required array sizes. The model is presently fully implemented, with the exception of the VLIDORT based modules used to evaluate the multiple scatter source terms, the concept of which is described below. While the MS terms evaluation is a fairly complex task which will significantly increase the model CPU time, the inclusion of the MS source terms in the integration along the LOS is a straightforward addition to the SS implementation.
VLIDORT and evaluation of Multiple Scatter source terms
The VLIDORT model (Spurr, 2006) was developed as a polarized version of the linearized discrete ordinate LIDORT code. In these codes, the MS terms are computed for a plane-parallel medium but with solar beam attenuation handled in the curved atmosphere (the pseudo-spherical approximation). A single call to VLIDORT delivers the Stokes vectors for a wide range of solar illumination and viewing geometry configurations. In addition to the MS terms, VLIDORT generates the Jacobeans (weighting functions) with respect to atmospheric profile and surface properties. For details, see the review paper by (Spurr, 2008) . The VLIDORT model has recently been adapted to the LS environment for onedimensional RT models. For a limb path, the radiation field at top-of atmosphere (TOA) may be written in terms of the recurrence relationship associated with source function integration along the LOS: Path segments run from n = 1 on the far side to n = N on the near side, ie, at the satellite. The SS source functions S n and the cumulative and segment transmittances C n and T n are evaluated from Single Scatter theory while the MS source terms M n are computed by VLIDORT. The latter are generated by switching off the internal SS calculation in VLIDORT, and setting a flag to output just these layer source terms while performing the internal source function integration for the TOA radiance field. VLIDORT is capable of generating a complete table of MS source terms for a range of zenith angles, azimuth angles and local vertical angles, which significantly increases the computational efficiency of the MS evaluation. Figure 8 compares the one-dimensional radiances obtained using VLIDORT with the equivalent radiances evaluated with Herman's Gauss Seidel code [Herman, 1995; Loughman, 2004] in the UV and visible spectral ranges. The observed radiance differences between models are similar to the ones obtained by Loughman et al. (2004) and Bourassa (2007) in their comparisons of a series of RT models for LS sensors. (Fig.4a) shows spatial discretization within the orbital plane while the center panel (Fig.4b) shows spatial discretization within the solar plane (Scale along vertical direction is enlarged). The right panel (Fig.4c) shows the node point arrangement along each LOS, with each node (green star) being located at the centroid of each path segment In two dimensions, a similar approach will be used to evaluate the MS terms in each two-dimensional clove. In each 1° latitude vertical slice bounded by adjacent zenith lines, a VLIDORT computation will be performed to evaluate the MS source terms for the surface reflectivity and atmospheric conditions prevailing within that slice. While these VLIDORT computations (one per vertical slice) are typically CPU intensive, they can be (and will be) considered independent from each other, and parallel processing will be used to minimize the overall CPU time. Each MS calculation neglects the influence of variations in the atmospheric properties at adjacent zeniths. However, when the independently computed MS source terms are integrated along the LOS, the resulting radiance represents a significant improvement over spherical-shell calculations (due to the inclusion of variable atmospheres and albedo in the source function calculations along the LOS). In a given vertical slice, the zenith and azimuth angles vary very little over an orbital period, and only variation with respect to the local vertical angles are being considered. Over the range of vertical angles, the LOS will be classified into 9 groups (Fig. 9) , with each group being handled differently by VLIDORT.
RT model performance
The RT forward model has been developed on single CPU computers. A full orbit of OMPS/LP operations (which includes about 160 spacecraft positions, 60 tangent heights and 250 spectral OMPS/LP pixels) can be simulated in Single Scatter mode in less than 20 minutes CPU time, with a CPU memory requirement of less than 2GBytes. Future implementations of the RT model will include parallel CPU processing, utilizing the fact that several functions within the model are independent from one another and can be performed on separate processors. Examples of such functions are: path lengths calculation, both along the LOS and along the solar beams, MS source terms evaluation, integration of the SS and MS source terms along the LOS.
TWO-DIMENSIONAL RETRIEVAL ALGORITHM
The goal of the retrieval process is to identify the optimal atmospheric composition which most closely reproduces the limb scatter radiances measured by the OMPS/LP sensor, using signal SNR as weighting factors. As shown in Section 5.1, the OMPS/LP two-dimensional retrieval algorithm is based on a nonlinear application of the Optimal Estimation method [Rodgers, 2000] . It considers a whole orbit limb data set to simultaneously retrieve trace gas profiles along the whole orbital path, ie at all latitudes over-flown by the space platform. A whole orbit limb data set is typically very large (50,000-100,000 measurements), as it encompasses some 50-75 tangent heights, 10-100 spectral channels and 150-170 satellite locations. Likewise the number of 2D cloves at which ozone density is being sought is typically 5000-10000 when considering 50-60 altitudes and 100-160 latitude bins. The linear algebra required by the Optimal Estimation method is therefore concerned with very large matrices, and special methods have to be considered for matrix manipulations such as multiplication, inversion and storage, as shown in section 5.2.
Optimal Estimation
The retrieval algorithm determines the optimal atmospheric composition (represented by state vector x), from a set of measurements (represented by vector y) constructed with limb radiance observations over a range of tangent heights and wavelengths. The RT forward model is used to evaluate (a) the limb radiances F(x) that OMPS/LP would be expected to observe if the atmospheric state was represented by x, and (b) the partial derivatives of radiances with respect to the state vector x: K = ∂F/∂x. The optimal estimation technique [Rodgers, 2000] where subscript i denotes the i th iteration. Equation 2 is using a-priori constraints x a , as an estimate of the state vector derived from climatology, with S a being the corresponding covariance matrix. The matrix S ε describes the noise covariance of the measurements (assumed to be diagonal, with each term being related to the Signal-to-Noise Ratio, SNR). Equation 2 includes a Tikhonov regularization (matrix R) in order to increase solution stability, following a formulation proposed by [Livesey and Van Snyder, 2004] . The value of the dimensional parameter γ is selected so that (a) the terms within the square bracket have comparable magnitude, and (b) the resulting vertical resolution of the algorithm is close to the sensor resolution. S cov is the solution covariance matrix:
The retrieval uncertainty of the state vector is typically given as the square root of the diagonal of the covariance matrix. The criterion for convergence is:
where n is the dimension of the state vector. Together with profiling and uncertainty information, the averaging kernel matrix A is an important diagnosis parameter:.
[
Equation 5]
The averaging kernel matrix in two-dimensions is a measure of the weight of the a-priori data within each 2D clove (ie., each altitude and along-track coordinates). Likewise, the contribution matrix is a measure of the contribution of each limb radiance measurement Rad[LOS,spacecraft position] to the retrieved ozone density within any given clove.
Large matrix algebra
For the two-dimensional ozone retrievals presented in this paper, the partial derivative matrix K has typical dimensions [50000 x 6000 ]. However, for a given spacecraft position, the relevant LOS are only affected by a relatively small region (about 20 latitude bands), and consequently a large fraction of the K matrix elements are zero. The K matrix can therefore be significantly compressed, by up to 90% and stored as K comp . Actually, K is not explicitly evaluated in the algorithm, and K comp is instead computed directly, together with a set of pointer matrices which are used to tag the location of specific non-zero elements within the original K matrix. If N var is the number of retrieved parameters and N meas is the number of measurements, K and K comp are related by following code excerpt:
where iblock(j) is the number of blocks of non zero elements in each column j of the K matrix [Carlotti et al.,2006 ] . The pointer matrices indxa denotes the location of the non-zero elements for each block. This equation effectively reduces the dimension of the Jacobean matrix K from [50000x6000] to [1000x6000] in the present case. The constructs and can then be efficiently evaluated, with the assumption that the matrix S ε is diagonal. The inversion of the covariance matrix S cov also requires special attention since it is typically fairly large [6000x6000 in the present case]. This inversion procedure can be performed either -Using a Choleski decomposition scheme, utilizing the fact that matrix Z is symmetric and positive definite [Press et al. 2001 ]. -Using an iterative biconjugate gradient method [Press et al. 2001] , which is especially efficient for large sparse matrices. This method does not explicitly invert a matrix, but instead solves the linear system , where A is a square matrix and x and b are vectors. In our present application, , , , and To further increase CPU memory efficiency, the matrix A is stored in a row-index sparse format [Press et al. 2001] , which allows an additional compression factor of about 4. Both methods have been implemented and shown to yield similar results. The latter one, however, is significantly more CPU efficient and will therefore be used during operations. The flow chart shown in Figure 7 lists the main modules of the two-dimensional retrieval algorithm.
RETRIEVAL RESULTS
Results presentation
The forward model was used to simulate a full-orbit of synthetic limb radiance data. Ozone and NO 2 are distributed in both the vertical and latitudinal directions according to a SAGE II / HALOE based climatology [Anderson, 2000] . Aerosols are modeled as an ensemble of Mie-scatterers with a log-normal size distribution (mean radius = 0.0560 μm and variance =1.737) and an index of refraction = 1.448+0i. For simplicity, aerosol extinction is assumed to vary only in the vertical direction (based on SAGE III climatology [Rault, 2005] ), and uniform in the along-track direction. Atmospheric temperature/pressure vary both vertically and along-track according to the NCEP model [Kalnay et al., 1996] . The solar illumination corresponds to a Northern Hemisphere summer season. Finally, the Earth reflectivity is
modeled as a Lambertian reflector with a uniform albedo of 0.15. Figure 10 depicts the geo-location of the tangent point along a whole orbit, together with the local zenith angle at the tangent points. The retrieval algorithm is then exercised to "invert" the synthetic radiance dataset and retrieve the atmospheric constituents. Presently, only the mid-altitude ozone density (10-40km) is being retrieved, using spectral channels in the Chappuis band. This altitude range was selected to demonstrate the two-dimensional method, since it is typically the range at which ozone is most horizontally variable. Four triplets are being considered, with nominal central wavelengths at 546.69, 575.37, 608.67, 633.93 nm and reference wavelengths at 503.36 and 677.16 nm. Each triplet is evaluated as the ratio of the radiance at a strongly absorbing wavelength divided by the geometric mean of two radiances at weaklyabsorbed wavelengths . Altitude normalization is done at 45 km ± 2 km [Rault, 2005] . In the retrieval, the following assumptions are made: (a) the aerosol and NO 2 distribution as well as the atmospheric temperature/pressure are assumed to be the same as the ones used to create the synthetic LS dataset, (b) there is no tangent height error, (c) the surface reflectivity is 0.15 and (d) there is no instrument noise on the synthetic radiance. Figures 11 and 12 illustrate the performance of the retrieval algorithm. Figures 11 correspond to the case where the apriori ozone distribution is uniform in the along-track direction, whereas the results shown in Figures 12 were obtained assuming an a-priori ozone density which varies in the along-track direction. The three panels in Figs 11a and 12a respectively show the assumed a-priori two-dimensional distribution of ozone, the corresponding true values (ie, the ones used to generate the synthetic radiance dataset), and the retrieved values. Figures 11b and 12b show the retrieval uncertainties (square root of the diagonal terms of the covariance matrix S cov ), and the retrieval errors (difference between true and retrieved ozone densities). Figures 11c and 12c are vertical cross sections of ozone density at six different latitudinal bands along the satellite track and compare the retrieved ozone density profiles with both the true and a-priori profiles. These figures illustrate the quality of the retrieval, with (a) retrieval errors mostly less than a few percent, (note that errors are less than 2% in the 20-35 km range, where the ozone sensitivity is greatest), (b) little dependence on a-priori values and (c) larger errors near the beginning and end of orbital track (end effects) and in the tropics where ozone density is the lowest. Figure 11 . Two-dimensional ozone density retrieval, with a uniform a-priori ozone density . Left panel (Fig.11a) shows a-priori, truth and retrieval. Center panel (Fig. 11b) shows the retrieval uncertainty and errors. Left panel (Fig. 11c) compares the a-priori, true and retrieved ozone profiles Figure 12 . Two-dimensional ozone density retrieval, with a non-uniform a-priori ozone density . Left panel (Fig.12a) shows a-priori, truth and retrieval. Center panel (Fig. 12b) shows the retrieval uncertainty and errors. Left panel (Fig. 12c) compares the a-priori, true and retrieved ozone profiles
Results and discussion
The present study is a first attempt at retrieving ozone density distribution in two-dimensions simultaneously, for a whole orbit dataset of LS radiance data. Figures 11 and 12 illustrate the potential of the method, in terms of retrieval accuracy and numerical stability, for the relatively simple case of Chappuis band ozone retrieval. Apart from the end points (ie, first and last few events), retrieval errors can be seen to be smaller that the retrieval one-sigma uncertainty (which is a measure of the combined effect of measurement noise and sensitivity of LS radiance to ozone). If random instrument noise had been added to the synthetic LS radiances, the retrieval errors could then be expected to have a standard deviation on the order of the retrieval one-sigma uncertainty. The Tikhonov regularization, which was implemented to stabilize the solution (by trading off vertical resolution for precision) appears to be very effective. The value of the Tikhonov free parameter γ was selected so that the algorithm effective vertical resolution (defined as the second moment of the averaging kernel matrix) is on the order of the actual sensor Field Of View (FOV), thus effectively stabilizing the numerics with minimal impact on the sensor potentials. The CPU requirements (time and memory) for the method are relatively modest, as a result of the linear algebra and storage techniques which were developed and implemented in this study. The CPU run times (on a single CPU laptop computer) were respectively 60 and 30 minutes for the uniform and variable a-priori schemes, the former one requiring 4 iterations for convergence while the latter one required only two iterations. This two-dimensional retrieval can therefore be completed within the time required to record an entire orbit of measurements (approximately 100 minutes). Note that the uniform a-priori ozone setup was only considered here as a worse case scenario, and in operations, use will be made of a SAGE II based climatology (which is a function of latitudes and season). Most of the CPU time is spent on forward modeling (90%), while the matrix compression/inversion schemes account for less than 10%. Total CPU memory requirements were confined to less than 2 Gbytes. The end effects (beginning and end of orbit) are due to a loss of information as these regions of low/high latitudes are insufficiently probed by Lines Of Sight (LOS). Figure 13 , which shows the number of LOS affecting each two-dimensional clove, exhibits lower values near the orbit end points. Figure  14 shows the two-dimensional averaging kernel for 1/8 th orbit retrieval. This figure illustrates the extent of edge effects and further highlights the benefits of a full-orbit retrieval. 
Future development
The full potentials of the two-dimensional technique have yet to be fully ascertained. We will build on our present Single-Scatter / Single-CPU implementation and add the followings: -Multiple Scatter source terms. The inclusion of the MS source terms can be expected to only marginally improve the quality of the Chappuis band ozone retrieval, but may affect the Huggins/Hartley bands ozone retrieval by 10-15% [Rault, 2010b] . -Parallel processing to increase code throughput. Initial experiments with a 16 processor computer have shown the two-dimensional algorithm is especially suited to parallel processing. -Two-dimensional aerosol retrieval, using the Angstrom-based methodology developed by [Rault, 2009] . -Two-dimensional retrieval of surface albedo. Using a whole orbit dataset of LS radiances with tangent points in the 35-45 km range and wavelengths corresponding to non-absorbing spectral channels, a least-squares method will be implemented to retrieve the effective surface albedo at each of the 150-160 surface elements along the satellite track. The method will rely on the ability of VLIDORT to directly evaluate the partial derivatives of LS radiance with respect to scene reflectivity. -Two-dimensional retrieval of high altitude ozone, using the Hartley/Huggins absorption bands of ozone. -CCD pixel-based two-dimensional retrieval, combining the Direct Optimal Estimation (DOE) algorithm developed by [Rault, 2009] together with the present two-dimensional algorithm. The DOE is an attempt to perform retrievals directly from the raw data recorded by the large ensemble of the OMPS/LP CCD array pixels, thus bypassing any data pre-processing steps which may unduly affect data quality. Combing DOE with two-dimensional concepts would allow one to (a) have a better command of unaltered sensor data (and therefore allow one to better quantify instrument effects) while (b) fully account for the atmosphere twodimensional structures. -Two-dimensional tangent height registration, following the technique developed by [Rault, 2010a] .
CONCLUSION
The two-dimensional OMPS/LP retrieval algorithm described in this paper is aimed at improving the quality of the sensor ozone profile products. Eliminating the assumption that the Earth's atmosphere is spherically symmetric should significantly improve retrievals in regions of large along-track gradients, such as polar vortex, UTLS, high zenith angles (near terminator), etc. Two-dimensional retrieval should also be generally beneficial, since the sensor is on a polar orbit and facing in the rearward direction, and therefore its lines-of-sights are typically parallel to the largest horizontal ozone gradients. Along-track inhomogeneity is one of the major sources of errors for limb viewing sensors, and this is especially true for limb scatter sensors which are affected by varying surface albedo and cloud cover. The twodimensional retrieval algorithm described herein, in its present Single-Scatter / Single-processor version, was shown to be both accurate and CPU efficient, yielding products with a few percent accuracy and a run time on the order of an orbital period. Future work will include the addition of Multiple Scatter terms and the implementation of parallel processing. The present version of the two-dimensional code already includes some of the most important elements required for ozone retrieval, namely: three-dimensional space discretization and ray tracing, efficient linear algebra to manage the necessarily large matrices, full implementation of the Optimal Estimation method, including Tikhonov regularization and error analysis.
